Abstract Along with significant changes in the Arctic climate system, the largest year-to-year variation in sea-ice extent (SIE) has occurred in the Laptev, East Siberian, and Chukchi seas (defined here as the area of focus, AOF), among which the two highly contrasting extreme events were observed in the summers of 2007 and 1996 during the period 1979-2012. Although most efforts have been devoted to understanding the 2007 low, a contrasting high September SIE in 1996 might share some related but opposing forcing mechanisms. In this study, we investigate the mechanisms for the formation of these two extremes and quantitatively estimate the cloud-radiation-water vapor feedback to the sea-ice-concentration (SIC) variation utilizing satellite-observed sea-ice products and the NASA MERRA reanalysis. The low SIE in 2007 was associated with a persistent anticyclone over the Beaufort Sea coupled with low pressure over Eurasia, which induced anomalous southerly winds. Ample warm and moist air from the North Pacific was transported to the AOF and resulted in positive anomalies of cloud fraction (CF), precipitable water vapor (PWV), surface LWnet (down-up), total surface energy and temperature. In contrast, the high SIE event in 1996 was associated with a persistent low pressure over the central Arctic coupled with high pressure along the Eastern Arctic coasts, which generated anomalous northerly winds and resulted in negative anomalies of above mentioned atmospheric parameters. In addition to their immediate impacts on sea ice reduction, CF, PWV and radiation can interplay to lead to a positive feedback loop among them, which plays a critical role in reinforcing sea ice to a great low value in 2007. During the summer of 2007, the minimum SIC is 31 % below the climatic mean, while the maximum CF, LWnet and PWV can be up to 15 %, 20 Wm -2 , and 4 kg m -3 above. The high anti-correlations (-0.79, -0.61, -0.61) between the SIC and CF, PWV, and LWnet indicate that CF, PWV and LW radiation are indeed having significant impacts on the SIC variation. A new record low occurred in the summer of 2012 was mainly triggered by a super storm over the central Arctic Ocean in early August that caused substantial mechanical ice deformation on top of the long-term thinning of an Arctic ice pack that had become more dominated by seasonal ice.
Introduction
The global mean surface temperature has increased 0.6-0.7°C since the mid-1960s (Kennedy et al. 2007) , and during the same period the temperature over the Arctic region (north of 60°) has risen by 1.9-2.0°C, even more during the winter and spring months (RichterMenge et al. 2008; Graversen et al. 2008) . A warming Arctic is undergoing significant environmental change, mostly evidenced by the reduction of Arctic sea-ice extent (SIE) during summer. Sea-ice plays a major role in the Arctic climate system by regulating the amount of insolation received at the surface (Porter et al. 2010 and 2011) and the salinity of sea surface water, which is one of the keys for thermohaline circulations (Levermann et al. 2007) . Changes in location and extent of sea-ice lead to perturbations of surface albedo and ocean-atmosphere interactions that in turn impact the climate system (Deser et al. 2000; Donohoe and Battisti 2011) . Several factors are believed to have significant impacts on the Arctic seaice variation. For example, dynamic export and long-term thinning of sea ice may result in amplified responses, such as the 2007 low and 2012 record low SIEs (Lindsay et al. 2009; Drobot et al. 2008; Giles et al. 2008; Zhang et al. 2008a; Maslanik et al. 2007a, b; Kwok 2008; NSIDC) . North Pacific and North Atlantic warm water intrusions (e.g., Shimada et al. 2006; Zhang et al. 2008b; Polyakov et al. 2010 ) and atmospheric forcings are also believed to play an important role on the Arctic sea-ice variation. The atmospheric forcing parameters include large-scale atmospheric circulation patterns (Zhang et al. 2008b; Ogi et al. 2008; Deser et al. 2000; Overland and Wang 2010) , atmospheric transport of heat and moisture (Zhang et al. 2008b; Graversen et al. 2008 Graversen et al. , 2011 , wind stress (Ogi et al. 2008; Haas and Eicken 2001) , and surface radiative and turbulent fluxes (Francis and Hunter 2006; Graversen et al. 2011; Porter et al. 2010 Porter et al. , 2011 . The relative importance of each parameter and the underlying causes of Arctic sea-ice variation has, however, not been well evaluated, in particular for the two opposing extreme events in 2007 and 1996. For the past 30 years, passive microwave sensors have monitored sea-ice and provided an important tool for investigating its seasonal and inter-annual variability over the Arctic. While the annual mean SIE has decreased more than one million square kilometers in the last three decades, the decrease in September SIE is roughly twice the magnitude of the annual change for the period 1979-2012. The summer of 2007 caught much attention of the Arctic and global research community (e.g., Kay et al. 2008; Kay and Gettleman 2009; Comiso et al. 2008; Schweiger et al. 2008a; Zhang et al. 2008a, b; Graversen et al. 2011; Cuzzone and Vavrus 2011) as September SIE plummeted to a minimum of 4.3 million km 2 , or nearly 31 % below the 1979-2012 average.
A number of studies have investigated the 2007 low and concluded that it was caused by an unusually persistent weather pattern on top of decades of sea ice thinning (e.g., Maslanik et al. 2007a; Zhang et al. 2008a, b; Graversen et al. 2011, Overland and Wang 2010) . For example, Kay et al. (2008) showed that an anomalous high pressure over the Beaufort Sea resulted in relatively clear skies and more downwelling shortwave (SW) flux reaching the surface and suggested that reduced cloud fraction (CF) and enhanced downwelling SW flux had contributed significantly to the 2007 low. However, Schweiger et al. (2008) demonstrated with an ice-ocean model that reduced CF and enhanced downwelling SW flux had contributed little to the 2007 low. More specifically, they argued that the impact of enhanced downwelling SW flux was small and largely confined to areas north of the ice edge, where surface albedo remained high and additional absorption of solar radiation by the surface was thus minimal. On the other hand, it was first documented by Amback (1974) and later on confirmed by Francis et al. (2005) and Graversen et al. (2011) that downwelling LW flux contributed more to the reduction of SIE than downwelling SW flux.
Although most efforts have been devoted to understanding the 2007 low, a contrasting high September SIE in the observational record might share some related but opposing forcing mechanisms. Based on the 34-year trend of September SIE and the de-trended sea-ice extent (not shown) record, 2007 and 1996 are selected respectively as the low and high September SIE years for analysis in this study. Notice that we aim to identify the causes, mechanisms and feedback processes responsible for these two opposite extreme years, not sea ice anomalies in general in this study. As demonstrated in Fig. 1 , the seaice concentrations (SIC) in these two selected years exhibited the largest contrast over the Laptev, East Siberian, and Chukchi seas. We therefore focus on this region (70-90°N, 90-210°E) and define it as the area of focus (AOF). The SICs in these two selected years, as well as other extreme years, have experienced the largest fluctuations (-50 to 50 %) over the AOF, which could be attributable to thin sea ice and dominated seasonal ice in this region. Thin and seasonal ice is vulnerable to external forcings from either atmosphere or ocean. For example, the 2007 low was strongly contributed by anomalous southerly winds, while the 1996 high was associated with anomalous northerly winds across the AOF (shown and discussed in Fig. 3 ). Note that previous studies (e.g., Kay et al. 2008; Kay and Gettleman 2009 ) of the 2007 low tend to focus more on the Western Arctic region. Sea-ice in the AOF is generally transported to join the Transpolar Drift and exported out of the Arctic Ocean through the Fram Strait between Greenland and Svalbard during low sea-ice years (Harder et al. 1998; Peixoto and Oort 1992) . The extent and variability of sea-ice in these seas strongly influence the basin-scale summer minima and are important for oceanice-atmosphere processes (Haas and Eicken 2001) .
In this study we explore in detail the underlying processes driving the 2007 and 1996 extreme events, and identify similarities and differences between these 2 years with respect to the major factors and atmospheric conditions contributing to the formation of the SIE extremes. We will also briefly discuss the 2012 record low and compare the atmospheric conditions and parameters in 2012 with those in 2007. We further investigate the mechanisms for triggering and causing the 2007 low, such as the onset was triggered by a persistent large-scale atmospheric circulation anomaly during spring, and later on the sea ice melting was accelerated by a positive cloud-radiation-PWV (precipitable water vapor) feedback over the AOF during summer and early autumn.
Data sets

Sea-ice
The monthly mean sea ice extent (SIE) and concentration (SIC) were provided by the National Snow and Ice Data Center (NSIDC) using Nimbus-7 SSMR and DMSP SSM/I Passive Microwave Data (SSMR available since October 1978) and Near-Real-Time Special Sensor Microwave/ Imager (SSM/I) Polar Gridded SIC dataset (Cavalieri et al. 2004 ). The SIC is defined as the percentage of ice cover over a grid box of 25 9 25 km 2 , which provides more details into the daily variability of the sea-ice over a specific grid box compared to SIE. SIE is an area integral of a grid box with SIC greater than 15 %, which can provide information about the sea-ice coverage over the entire Arctic Ocean.
MERRA reanalysis
NASA has recently released MERRA Modern-Era Retrospective Analysis for Research and Applications (MERRA) reanalysis dataset based on the Goddard Earth Observing System data Analysis System Version 5 (GEOS-5 DAS, Bosilovich et al. 2008) . Rienecker et al. (2008 Rienecker et al. ( , 2011 thoroughly described the MERRA project, as well as the MERRA/GEOS-5 numerical model and data assimilation system, including the GEOS-5 atmospheric general circulation model and the Gridpoint Statistical Interpolation (GSI) atmospheric analysis developed jointly with NOAA/ NCEP/EMC. Also incorporated into GEOS-5 is Incremental Analysis Updates (IAU) (Bloom et al. 1996) to slowly adjust the model states toward the observed state. In addition to the conventional observations (radiosonde, station, aircraft, ship), the MERRA reanalysis takes advantage of a variety of recent satellite observations since 1979, such as NASA's Earth Observing System, SSM/I Rienecker et al. 2011 ) with a focus on improving estimates of the global energy and water budgets. In this study, hourly 2-dimensional diagnostics from MERRA at 2/3°9 1/2°horizontal resolution is used. The SW and LW radiation parameterizations used in MERRA are documented in Chou and Suarez (1999) and Chou et al. (2001) , respectively.
Assessment of MERRA reanalysis
The accuracy of the re-analysis product is critical for diagnosing past weather and climate events, especially extremes that occur over remote regions. To have a reliable application of MERRA cloud and radiation fluxes in the study of the Arctic sea-ice state, it is important to have a reasonable estimate of the errors and accuracies of the reanalyzed cloud and radiative properties. There are a number of such evaluation studies in the recent MERRA special issue Rienecker et al. 2011; Robertson et al. 2011) , some focused on the Arctic regions Vavrus et al. 2012) . As Rienecker et al. (2011) pointed out, one of the strengths of the most recent reanalyses is overall better representations of the inter-annual variability in the atmospheric state on monthly to seasonal time scales, such as 500-hPa height, vertical velocity and large-scale atmospheric transports. However, the accuracy of the representation strongly depends on both the specific variables and regions under consideration. Robertson et al. (2011) analyzed the effects of the changing observing system on MERRA's energy and water fluxes where the re-analyzed results are still quite sensitive to observing system changes. For example, the MERRA re-analyzed precipitation has a series of jumps and different trends that are mainly associated with the SSM/I and AMSU-A changes (see table 1 of Rienecker et al. 2011) . Applying principal component regression to the data largely reduces the jumps and different trends in MERRA precipitation and radiative fluxes, making the adjusted MERRA precipitation compare more favorably with the Global Precipitation Climatology Project ).
To quantify the errors and uncertainties in the MERRA re-analyzed clouds and radiation budget over the Arctic regions, Zib et al. (2012) evaluated the MERRA results over two surface sites using more than a decade of groundbased observations. They compared the MERRA re-analyzed CF, surface radiative fluxes, and surface air temperature (SAT) with high-quality Baseline Surface Radiation Network (BSRN, Ohmura et al. 1998 ) data from Barrow, AK (BAR, 71.32°N, 156.6°W) for the period 1994-2008. The re-analyzed CFs are 2.7 % higher than those observed by ceilometer at BAR (74.6 %) with large positive biases during winter months and negative biases during summer months. Compared to the observed annual averages of downwelling SW flux (97.1 Wm -2 ) and LW flux (240.2 Wm -2 ), the re-analyzed downwelling SW and LW fluxes have negative biases of -9.7 and -2.2 Wm -2 , respectively. Notice that downward fluxes are positive and upward are negative in this study. The SATs between observations and reanalysis agree to 0.3°C. It is expected that the systematic biases and parameterization errors of MERRA can be partially removed when the net fluxes (down-up) and anomalies (differences from overall mean) are used as in this study.
However, there is one artifact in MERRA reanalysis that cannot be removed from the anomalies. As pointed out by Cullather and Bosilovich (2012) , the MERRA analysis has a very simplistic sea-ice albedo parameterization (fixed at 0.6 for all ice). This simple parameterization may generate considerable biases in upwelling and downwelling SW fluxes, which lead to problems in the evaluation of the icealbedo feedback process. The observed snow/ice albedos at the BSRN Barrow site (Zib et al. 2012 , Dong et al. 2010 and during the Surface Heat Budget of the Arctic Ocean (SHEBA) experiment (Intrieri et al. 2002) are around 0.80-0.90. The downwelling SW flux is primarily determined by the following three parameters: cloud fraction and optical depth, and surface albedo. When the surface is covered by snow/ice and CF is high, the downwelling SW flux at the surface includes a significant contribution from the surface reflected SW flux due to multiple reflections between cloud base and highly reflective surface. Therefore, the prescribed surface albedo (0.6) in MERRA leads to less upwelling SW flux over the snow and ice covered portions of the Arctic, particularly during the spring and early summer months, and results in less downwelling SW flux too.
To quantitatively estimate the errors in the MERRA reanalyzed downwelling and upwelling SW and LW fluxes over the entire Arctic region (70-90°N), we compare the MERRA reanalyzed radiative fluxes with NASA Clouds and Earth's Radiation Energy System (CERES) generated Energy Balanced and Filled (EBAF) monthly mean surface fluxes for the period 2000-2010. The CERES EBAF monthly mean surface fluxes are calculated by the modified Fu-Liou code with the inputs of the CERES retrieved cloud properties and daily surface albedo. The CERES derived TOA fluxes are used as constraints during the calculation. The surface EBAF fluxes have been compared with surface observations (For more details, visit NASA CERES Science Team meetings at http://ceres.larc.nasa.gov/scienceteam-meetings2.php?date=2013-05). Although the CERES surface EBAF fluxes are not perfect, they compare well with surface observations, and can be used to evaluate the MERRA reanalyzed fluxes over the Arctic.
As shown in Fig. 2 , the seasonal variations of MERRA reanalyzed downwelling and upwelling LW fluxes follow the EBAF results with an annual mean difference of *5 Wm -2
. Relative larger differences (*10 Wm -2 ) exist in downwelling LW flux during summer months and in upwelling LW flux during winter months. For SW fluxes, MERRA results basically follow the EBAF seasonal variations and their annual mean difference is *12 Wm -2 . However, large negative biases (*-30 Wm -2 for downwelling SW and *-50 Wm -2 for upwelling SW) are found during the period April-June due to the fixed ice albedo in MERRA parameterization. Therefore the MER-RA SW fluxes should be treated with some degree of caution during the period April-June. The MERRA systematic biases could be removed, at least partially, when the net fluxes (down-up) and anomalies (monthly meanclimatic mean) are used in this study. For example, the annual difference in net SW flux between the EBAF (42.1 Wm -2 ) and MERRA (45.8 Wm -2 ) is only 3.7 Wm -2 . The net SW flux difference is also small during the period June 15-September 15, which we will focus on in this study.
The above analyses provide information about the differences between the MERRA results and EBAF datasets or the systematic biases in MERRA reanalysis, which would help us to better understand the uncertainties and robustness of research findings in this study. Meanwhile, according to its nature, the MERRA results theoretically provide physically consistent estimate of atmospheric state globally under observational constraint. It therefore helps fill out observational gaps in the observational sparse regions, such as the Arctic Ocean. In particular, there are no direct measurements of some variables like sensible and latent heat fluxes. So, we elect to mainly use the MERRA results in the following analysis.
Results and discussions: inter-annual and seasonal variations
Various atmospheric forcing parameters relevant to the Arctic sea-ice variation are examined for the two extreme events in 2007 and 1996, including large-scale atmospheric circulation pattern, thermodynamic variables, and atmospheric physical parameters. In particular, surface pressure, winds, and air temperature (SAT) are used in this study. Atmospheric precipitable water vapor (PWV), cloud fraction (CF), surface longwave net (down-up) (LWnet), shortwave net (SWnet) fluxes, and total surface energy budget (radiative ? non-radiative) are also used to study the feedback mechanisms. The summer means of these parameters during 2007 and 1996 are calculated from the daily averages over the AOF from June 15 to September 15 (JJAS) and anomalies are the differences of the summer means from the corresponding summer averages during the period 1979-2012. Figure 3 shows the MERRA re-analyzed summer (6/15-9/15, JJAS) anomalies of mean sea level pressure (MSLP), 10-m meridional wind speed (V), SAT, PWV, CF, surface LWnet, SWnet, and total surface energy [(LWnet ? SWnet)-(SH ? LH)] fluxes over the AOF in 2007 (left column) and 1996 (right column). In this study, the positive net radiative fluxes (LWnet ? SWnet) represent greater downwelling flux than upwelling flux, while the upward non-radiative fluxes (sensible and latent heat fluxes, SH and LH) are positive. Thus the positive total surface energy budget represents more energy into the earth surface. As illustrated in Fig. 3a , during the summer of 2007 a persistent anticyclone was positioned over the Beaufort Sea, coupled with an area of low pressure over the Eurasia region. Under this synoptic pattern, strong positive anomalies in meridional winds (anomalous southerly) are evident over the Chukchi and East Siberian Seas (Fig. 3b) . The southerly winds across the Chukchi and East Siberian Seas transport warm (positive anomaly of SAT, Fig. 3c ) and moist air (positive anomaly of PWV, Fig. 3d ) from the North Pacific. The warm, moist air transported from the North Pacific and open seas has resulted in a positive anomaly of CF over the AOF (Fig. 3e) , which has a significant impact on surface radiation budget. These results are consistent to the previous studies (e.g., Graversen et al. 2011; Overland et al. 2008) .
During the summer of 2007, the averaged CF over the AOF was 7.1 % higher than the 34-year average. The surface LWnet and SWnet fluxes were respectively 9.8 and 4.2 Wm -2 higher and lower than their corresponding climatic means, resulting in a 5.6 Wm -2 positive anomaly of net radiative flux (more downward). This result is consistent with previous findings (Francis et al. 2005; Dong et al. 2010) where both studies provide strong support for the finding in this study, i.e., LW effect overwhelmed SW effect over the AOF. For example, Francis et al. (2005) studied the ice edges of all six peripheral seas over Arctic and found that the LW anomalies contributed about 40 % to the total variability, but the SW anomalies were overwhelmed by the LW impact when CF was high.
The positive SAT anomalies over the AOF (Fig. 3c ) provide additional information reflecting increased surface total energy budget in conjunction with the drastic sea-ice retreat during the summer of 2007. In addition to advection, SAT is determined by the sum of the net radiative (SWnet and LWnet) and non-radiative fluxes [SH, LH, seaice melt and ocean heat]. Although it is difficult to directly calculate the amount of energy being used to melt sea ice Critical mechanisms for the formation of extreme 57
and heat the ocean, this quantity can be derived indirectly from the net radiative, SH, and LH fluxes. The total surface energy budget [(LWnet ? SWnet)-(SH ? LH)] anomaly is 7.0 Wm -2 (Fig. 3h) over the AOF during the period June 15-September 15, indicating that 7.0 Wm -2 more energy than its climatological value was absorbed by sea ice and Critical mechanisms for the formation of extreme 59 Fig. 3 continued ocean. This extra 7.0 Wm -2 has partially contributed to the 1.3°C increase in SAT and the 2007 low.
Along with enhanced ocean and atmosphere heat transport from the North Pacific side, the increased surface southerly winds over the AOF (northerly winds through the Fram Strait) may also cause an increase in the Transpolar Drift favoring the export of sea-ice out of the Arctic Ocean through the Fram Strait during the summer of 2007 as demonstrated in Fig. 3b and discussed in the studies of (Zhang et al. 2008a, b) . When looking back to earlier years, Zhang et al. (2008b) detected a radical spatial pattern shift of the leading atmospheric circulation pattern and also found an increase in the North Atlantic warm air and water intrusion into the Arctic Ocean through the Fram Strait and the Barents Sea during [2001] [2002] [2003] [2004] [2005] [2006] . This abnormal dynamic process enhances Arctic Ocean and atmosphere warming and suppresses winter sea-ice production, which could be a preconditioning for the 2007 low under unusually increased surface energy budgets (more downward).
The same variables for the high September SIE in 1996 are also shown in Fig. 3 (right column). As demonstrated in Fig. 3 , the anomalies of these variables in 1996 almost oppositely mirror those in 2007, but have smaller magnitudes. Low pressure persisted over the central Arctic along with high pressure across the Eastern Arctic coastlines allowing for anomalous northerly winds across the AOF during the summer of 1996. These winds provide additional support for transporting sea-ice towards the Siberian coastline thereby weakening the transpolar drift and export from the Arctic basin through the Fram Strait (southerly winds over the Fram Strait). The total loss of -7.6 Wm -2 heat (Fig. 3h) has contributed significantly to the 0.9°C decrease in SAT and high SIE in 1996. Note that there is a nonlinear relation between net heating and surface warming comparing 2007 (7.0 Wm -2 vs. 1.3°C) with 1996 (-7.6 Wm -2 vs. -0.9°C). During the summer of 1996 Arctic surfaces were mostly covered by ice or snow, thus there were minimal interactions between ocean and the atmosphere of some heating sources, such as oceanic heat advection and deep ocean heat mixing. During the summer of 2007, the cloud-radiation-PWV feedback played an important role to increase surface temperature with more open seas. Studies (e.g, Lin et al. 2010a, b) over different climate conditions have shown that there are non-linear effects of cloud-radiation-PWV feedbacks on the climate system, especially over the Arctic regions with snow/ice covered surfaces (e.g., Curry et al. 1996) .
During the review of this paper, Arctic SIE plummeted to a new record low in 2012. Compared to the 2007 low, the SIE spatial pattern of the 2012 record low was slightly different with more sea ice coverage in some parts of the central Arctic Ocean and less coverage in the Beaufort, western Laptev, and East Greenland Seas, and parts of the Canadian Archipelago (NSIDC-Arctic Sea Ice News and Analysis). Therefore it is desirable to investigate the atmospheric conditions and parameters during the summer of 2012, and compare them with those in 2007. As illustrated in Fig. 4a , b, the synoptic and wind patterns in 2012 were significantly different from those in 2007. Low pressure systems covered the entire Arctic with two centers located at Chukchi-Beaufort seas and Svalbard Islands, resulting in weak anomalous northerly winds over most of the AOF and the Fram Strait. The former suppressed the 2012 record low, while the latter was similar to that in 2007 (Fig. 3b) . Although the patterns and signs of the anomalies of the atmospheric parameters in 2012 are the same as those in 2007, their magnitudes are much smaller.
Without the trigger of abnormal synoptic and wind patterns and strong enhancement of positive cloud-radiation-PWV feedback, what else caused the 2012 record low? NSIDC has shown that less old ice (more seasonal ice) for 2012 versus 2007 is the primary reason for the 2012 record low, while a super storm over the central Arctic Ocean in early August attributed to more ice break-up and ultimately led to this new record low. The thinner ice was more prone to mechanical ice deformation and ice melt by strong low pressure systems (Fig. 4a) . Based on the comparison between 2007 and 2012, we can draw the following conclusion: the different extreme events may have different causes and mechanisms, however they all are related to the long-term thinning of Arctic sea ice and consequently dominating seasonal ice. Figure 5 shows the inter-annual variations of the atmospheric parameters given in Figs. 3 and 4. As demonstrated in Fig. 5a , the year-to-year September sea-ice extents (SIEs) over the AOF prescribed in MERRA basically follow the variation of SIE derived from NSIDC with an average of 4.06 % more during the period 1979-2012. The MERRA prescribed SIEs in 1996 and 2007 are nearly identical to the NSIDC SIEs. This comparison indicates that MERRA has comparable prescribed SIE to satellite observations and has the appropriate surface boundary forcing. Because of the general consistency of MERRA analysis with satellite observations on SIE as shown here and other key variables demonstrated by previous studies (Rienecker et al. 2011; Bosilovich et al. 2011) , we use MERRA reanalyzed atmospheric parameters as an integrated part of our analysis in this study. Anomalies of the most relevant atmospheric parameters, such as meridional wind (V), SAT, PWV, CF, LWnet, andtotal surface energy budget, have the maximum positive and negative anomalies, respectively, during the summers (6/15-9/15) of these 2 years compared to other years. Therefore the selected events in 2007 and 1996, as well as their relevant atmospheric parameters, are representative of two different extreme events during the period 1979-2012. Although the correlations between SIC and atmospheric parameters in other years are not as strong as those in 1996 and 2007, it is worth briefly discussing the impact of some extreme parameters on the SIE variation. For example, the meridional wind in 2010 was stronger than that in 2007, but its SIE coverage over the AOF (*0.67 9 10 6 km 2 ) was much larger than that (0.4 9 10 6 km 2 ) in 2007 as shown in Fig. 5a . Although the anomalies of atmospheric parameters in 2010 had the same sign as those in 2007, their magnitudes were much smaller than those in 2007, and close to To investigate the seasonal variations of the Arctic SIE and the relevant parameters, we plot in Fig. 6 the monthly means and standard deviations of Arctic SIE and the atmospheric parameters over the AOF for the period 1979-2012, and years of 2007 and 1996. As illustrated in Fig. 6a , the monthly means of SIE in 2007 were significantly lower (2-3 standard deviations) during the warm months (July-October). The monthly means of meridional wind (V) were higher than its climatological value during spring months (March-May) with a peak in April, and second and third peaks in August and October (Fig. 6b) . This result indicates that anomalous southerly winds occurred from March to October in 2007 except for June (slightly lower than the climatology but still southerly wind). PWV peaked during July-August (Fig. 6d) and both CF and LWnet reached their maximum values in August and were 2-3 standard deviations above their climatological values, while SWnet was almost the same as the climatology.
Cloud-radiation-PWV feedback
Motivated by the findings from the data analysis in Figs. 5 and 6, and the maximum V, PWV, CF, and LWnet values occurring in different months, we investigate the mechanisms for triggering and causing the 2007 low, as well as the cloud-radiation-PWV feedback to the SIC variation. Through an integrative analysis of results, we found that the onset was triggered by the large-scale atmospheric circulation anomaly during spring, and then a drastic seaice reduction was reinforced by a positive cloud-radiation-PWV feedback during the following summer and early autumn. To test this finding, we show in Fig. 7 the timeseries of the daily anomalies of SIC, V, SAT, PWV, CF, LWnet, SWnet, total surface energy, SH and LH averaged over the AOF from June 15 to September 15. Standard and partial correlations are calculated using the daily anomalies of SIC and relevant atmospheric parameters. Based on the results and discussions from Figs. 3, 5, 6 and 7, we quantitatively estimate the contribution made by the cloudradiation-PWV feedback to the SIC variation.
As illustrated in Fig. 6b , strong southerly winds occurred during the spring months, which brought more warm (higher SAT in April, Fig. 6c ) and moist air (higher PWV in April, Fig. 6d ) to the AOF. However, the CF, LWnet and SWnet during the spring were below or close to their climatological values. During the springtime, most of Arctic Ocean surfaces were still covered by sea ice, thus there are minimal interactions between ocean and atmosphere as demonstrated in their monthly means of latent heat flux (Fig. 6i) . However, the sensible heat flux in April was 8 Wm -2 lower than the climatology (less upward flux, Fig. 6j ), resulting in 3-5 Wm -2 more total surface energy (downward) than the climatology (Fig. 6h) . This 3-5 Wm -2 extra energy during spring months, as well as 10 Wm -2 extra energy in June (Fig. 6h) , would be used to increase sea-ice and ocean temperatures, and melt sea-ice during the May-June months which triggered the onset of the 2007 low. Approximately 5 Wm -2 extra surface heating amounts to a total of about 46.22 9 10 6 Jm -2 extra heat in comparison to the climatology, which could melt about 138 kg of sea ice. The melted ice would reduce seaice coverage about 7.6 % assuming an average sea-ice thickness of 2 m in the AOF [c.f. http://www.climatedata. info/Impacts/Impacts/Impacts/thickness.html], which is very close to the observed value (*10 % in Fig. 7a ) considering uncertainties in net heat and sea-ice thickness estimates. The slight underestimate of the sea-ice reduction compared to the observation might indicate the presence of positive ocean heat transport anomalies during this period.
The warm and moist air transported from the North Pacific not only initiated sea-ice melting, but also increased PWV and formed more clouds over the AOF as demonstrated in Fig. 6e . When CF was high and Arctic surfaces were covered by snow and ice, particularly during the onset of sea-ice melting (May-June), the cloud-greenhouse (LW) effect overwhelmed the cloud-albedo (SW) effect due to the fact that cloud albedo is nearly the same as the surface albedo, producing a positive cloud radiative effect on surface radiation budget. The increased PWV has little effect on downwelling SW flux, but significantly increases downwelling LW flux (Dong et al. 2006; Philipona et al. 2005) , further increasing the surface temperature and enhancing the sea-ice retreat. Later on, more sea-ice was melted, additional SW (and LW) radiation was absorbed by open seas to increase surface temperature, and more water vapor was evaporated to form more clouds, which strengthened further the positive cloud-radiation-PWV feedback. Therefore, the sea-ice retreat over the AOF was significantly accelerated due to the presence of this positive cloud-radiation-PWV feedback in the summer of 2007, and ultimately resulted in the 2007 low during the middle of September. The peaks of LH (Fig. 6i) and SH (Fig. 6j) in October of 2007 indicate that the AOF lost more energy when the SIE was still significantly below the climatic mean and meridional winds were anomalous high. The significant loss in total surface energy during October (Fig. 6h) helps the AOF SIE return to climatic state in November (Fig. 6a) . Figure 7 provides further evidences to support the effectiveness of this positive cloud-radiation-PWV feedback. The standard correlations between SIC and each atmospheric parameter in Fig. 7 were calculated from their daily anomalies over the AOF during the period June 15-September 15. As illustrated in Fig. 7a , the daily SIC anomalies went through the following three periods: (1) a small decrease (0 ? -10 %) from late May to late June with small fluctuations, (2) a significant drop (-10 % ? -30 %) from late June to August 20th, and (3) a relatively stable period (*-30 %) until September 15th. Figure 7 clearly demonstrates that the Arctic sea-ice retreat over the AOF was enhanced by this positive feedback, especially during the second period of SIC drop. During this period, strong southerly winds (Fig. 7b ) brought much more warm (Fig. 7c ) and moist air (Fig. 7d ) from the North Pacific to the AOF. These warm and moist air masses interacted with open seas and formed more clouds (Fig. 7e ). There is a strong positive correlation (0.87, not shown in Fig. 7 ) between CF and downwelling LWflux and a negative correlation (-0.87 ) between CF and downwelling SW flux in this study. These relationships hold for LWnet and SWnet as shown in Fig. 7 -when CF increased 15 %, LWnet increased about 20 Wm -2 during this period. The decrease in SWnet, however, was not as pronounced as the increase in LWnet because downwelling SW flux was low when CF was high and also most of downwelling SW flux was absorbed by open seas, especially after mid-July. The positive cloud-radiation-PWV feedback process was also obvious during the last period of SIC drop after August 20th. During this period, the minimum SIC corresponds well with the significant increase in SAT, LWnet and total surface energy. The positive anomaly of total surface energy (more downward, Fig. 7h ) with decreased upward SH and LH (Fig. 7i, j) during the second and third periods also contribute accelerating the sea-ice retreat and reach the minimum sea-ice during the middle of September.
To investigate each individual parameter's contribution to the SIC variation, we also calculated the partial correlations between SIC and atmospheric parameters after removing CF and PWV effects using the following equation:
The c ABC represents the partial correlation between SIC (A) and LWnet (B) after removing CF effect (C), where c AB, c AC , and c BC are the standard correlations between SIC and LWnet, SIC and CF (shown in Fig. 7) , and LWnet and CF. The high standard correlations (0.59-0.80 in Fig. 7 ) between SIC and each atmospheric parameter (such as V, SAT, PWV, CF, LWnet and SWnet) have demonstrated that meridional winds, water vapor, clouds, and radiation are indeed having significant impacts on the SIC variation. The partial correlations between SIC and LWnet (0.263) and SWnet (-0.176) with CF effect removed are significantly lower than their corresponding standard correlations (-0.61 and 0.66) shown in Fig. 7 . Furthermore, the removal of CF effect changes the sign of correlation between SIC and LWnet. Removing the PWV effect also drops the correlations between SIC and LWnet and SWnet to respectively -0.23 and 0.409. This partial correlation analysis demonstrates the critical roles played by CF and PWV in establishing the observed connection between SIC and LWnet/SWnet.
The increased SAT along with a positive cloud-radiation-PWV feedback amplified the signal initiated by the atmospheric circulation anomaly, accelerated the sea-ice retreat during the summer of 2007, and ultimately resulted in the 2007 low. However, it is recognized here that modeling studies are needed to further confirm the feedback process and each parameter's contribution to the SIC variation.
Summary and conclusions
In this study, we examine two highly contrasting extreme events (2007 and 1996) in the September Arctic sea-ice extent using satellite observed sea-ice extent/concentration and the MERRA reanalysis. The impacts of meridional winds, water vapor, clouds, and radiation on the formation of these two extreme events are analyzed and the dynamical and physical processes triggering and accelerating the 2007 low are investigated. The SIE spatial pattern of the 2012 record low and its atmospheric conditions and parameters are also compared with those in 2007. The analysis has focused on the area of Laptev, East Siberian and Chukchi seas (70-90°N, 90-210°E), which experiences the largest year-to-year variation in SIE, and was defined as the AOF. Main conclusions and findings from this study include:
1. The 2007 low was associated with positive anomalies of surface air temperature (SAT), precipitable water vapor (PWV), cloud fraction (CF), surface LWnet, and total surface energy over the AOF. A persistent anticyclone positioned over the Beaufort Sea coupled with low pressure over Eurasia induced anomalous southerly winds that transported ample warm and moist air from the North Pacific to the AOF, triggered sea-ice melting across the AOF and increased the Transpolar sea-ice drift out of the Arctic Ocean through the Fram Strait. This conclusion has confirmed the findings of previous studies. The new finding from this study is that we found the summers of 1996 and 2007 as contrasting examples of two circulation patterns with spatially opposite effects on winds, clouds, the surface heat balance, and SIE using MERRA reanalysis. 2. Another new finding from this study is the feedback mechanisms that triggered and enhanced the 2007 low. Although other studies did this kind of research, this study has discussed the possible feedback mechanisms between Arctic sea-ice variation and the atmospheric forcing fields with more comprehensive atmospheric parameters. The positive cloud-radiation-PWV feedback is discussed as follow. The onset was triggered by the large-scale atmospheric circulation anomaly during the spring months of 2007. Strong southerly winds brought warm and moist air from the North Pacific, which not only initiated sea-ice melting, but also increased PWV and formed more clouds over the AOF, particularly over open seas. When CF was high and Arctic surfaces were covered by snow and ice, particularly during the onset of sea-ice melting (MayJune), the cloud-greenhouse (LW) effect overwhelmed the cloud-albedo (SW) effect, producing a positive cloud radiative effect on the surface radiation budget. Downwelling LW flux increased significantly with increased PWV, generating another positive feedback to increase surface temperature and enhance sea-ice retreat. Later on, as more sea-ice was melted, additional SW (and LW) radiation was absorbed by open seas to increase surface temperature, and more water vapor evaporated to form more clouds, which further enhanced the positive cloud-radiation-PWV feedback. 3. Compared to the 2007 low, the SIE spatial pattern of the 2012 record low was different with more SIE coverage in some parts of the central Arctic Ocean and less coverage in the Beaufort, western Laptev, and East Greenland Seas, and parts of the Canadian Archipelago. The preliminary identified atmospheric forcing for the 2012 record low was neither characterized by anomalous synoptic weathers and wind patterns nor enhanced by the positive cloud-radiation-PWV feedback. It was mainly triggered by a super storm centered over the central Arctic Ocean in early August. The low pressure system caused substantial mechanical ice deformation, attributed to more ice break-up and ultimately led to this new record low on top of the long-term thinning of an Arctic ice pack that had become more dominated by seasonal ice. The different driving forcings for the 2007 and 2012 events need further investigations in following up studies.
Finally, although we have demonstrated that the surface wind, surface energy budget, and associated surface conditions (sea ice or open water) played a critical role in causing the two opposite extreme events, changes in seaice dynamics and thermodynamics may have also made considerable contributions to these two events. For example, the long-term thinning of sea-ice thickness would be a preconditioning for the 2007 low. However, continuing thinning of sea ice in 2008 did not lead to another record low in 2008 because of lack of a super storm triggering the thinner sea ice (as occurred in 2012). Sea-ice extent was slightly recovered after 2007. Thus, complex interactions between sea-ice physics and overlying atmospheric and underlying oceanic processes need quantitative and synthetic investigations through a broad spectrum of research approaches.
